Introduction {#Sec1}
============

The ER is a dynamic organelle essential for cell life. The main subdomains of the ER include the nuclear envelope (NE), rough ER (rER), and transitional ER (tER), each with its own characteristic structure and function. The NE forms a shell around the nucleus. The shell typically consists of a flattened saccule closely applied to nuclear chromatin and showing multiple discontinuities or nuclear pores (Fig. [1](#Fig1){ref-type="fig"}a). The rER is continuous with the NE and consists mostly of stacked, flattened saccules. Each saccule is limited by membranes with attached ribosomal particles (Fig. [1](#Fig1){ref-type="fig"}b). The tER is composed of two distinct but continuous membrane domains: a rough domain characterized by the presence of attached ribosomes and a smooth domain (sER), giving rise to membrane buds and tubules (Fig. [1](#Fig1){ref-type="fig"}c). Clusters of vesicles, and tubules are often observed closely associated with the tER and represent the intermediate compartment, also called ER-Golgi Intermediate Compartment (ERGIC), vesiculo-tubular clusters (VTCs) or pre-Golgi intermediates (Bannykh et al. [@CR3]; Hauri et al. [@CR31]; Saraste and Kuismanen [@CR77]; Fan et al. [@CR18]). In certain cell types (such as steroid-synthesizing cells or hepatocytes) the smooth ER is extensive and consists of a network of interconnecting tubules limited by smooth membranes devoid of attached ribosomes. The tubules are linked by tripartite junctions and limit cytoplasmic regions often devoid of large organelles (Fig. [1](#Fig1){ref-type="fig"}d). Fig. 1Different subcompartments of the endoplamic reticulum. The ER is composed of continuous but distinct subdomains. **a** The nuclear envelope (NE) is shown with nuclear pores and ribosomal particles attached to the outer membrane. **b** The rough ER (rER) is continuous with the NE and consists of stacked flattened saccules, whose limiting membranes have numerous attached ribosomal particles. **c** Transitional ER (tER) is composed of a rER subdomain continuous with the rER and a smooth ER (sER) subdomain consisting of buds and tubules devoid of associated ribosomes (*arrowhead points to a coated bud*). **d** In some cells (e.g., steroid secreting cells and hepatocytes) the sER is composed of a large network of interconnecting tubules showing tripartite junctions (*arrows*) and fenestrations. Micrograph in C is courtesy of Christian Zuber and Jurgen Roth

The diversity of ER structures parallels its many functions. The numerous ribosomes associated with the flattened saccules of the rER indicate its high capacity for protein synthesis, translocation, and folding. The two domains of the tER indicate an additional function within this compartment: that of the formation of tubules and vesicles allowing cargo exit and transport to the Golgi Apparatus, and the tubules of the sER, which are continuous with the rER indicate an increased ER volume thus providing enhanced capacity for calcium storage, drug handling, detoxification, and lipid and steroid synthesis (reviewed in Baumann and Walz [@CR4]; Shibata et al. [@CR81]). Based on these considerations, the subcompartments of the ER are predicted to have a presence and enrichment of very specific proteins. Such predictions can be analyzed by proteomics analysis of each ER subcompartment.

A number of proteomics studies were done on the subcompartments of the ER providing an ER protein dictionary with new data being made available on many molecular protein complexes of relevance to the biology of the ER. As summarized in Table [1](#Tab1){ref-type="table"}, proteomics studies were done on the NE, total ER microsomes (mixture of rough and smooth ER membranes), ribosomes, purified rough microsomes, purified smooth microsomes, and the ERGIC compartment. Because of the paucity of proteomics data on pure outer nuclear envelope membrane, we have restricted comment on studies of this ER compartment to that within Table [1](#Tab1){ref-type="table"}. Subcompartments of the ER were isolated by subcellular fractionation using centrifugation and various sucrose gradients and some were isolated by immuno-isolation. The degree of purity of these fractions was analyzed by morphology and/or morphometry and in many cases biochemically by measuring the level of enrichment of expected proteins (markers) compared to the starting material (Table [1](#Tab1){ref-type="table"}). Identifying the proteins present in these ER subfractions is an important step towards better understanding the specialized functions of the ER subcompartments and molecular mechanisms governing these functions. Table 1Assessment of published endoplasmic reticulum proteomics datasetsOrganelleTissue/cellsSpeciesER purificationMass spectrometryProteins detectedReferenceNENeuroblastoma N2a cellsMouseNE preparation (Triton-X-100 treatment)2D-BAC gels, MALDI MS148Dreger et al. ([@CR14])NELiverMouseSubstractive proteomics (NE fraction-MM fraction)MudPIT, LCQ-Deca ion-trap MS, Tandem MS566Schirmer et al. ([@CR78])NELiverRatNuclear pore complex fraction (enriched in nucleoporins)1D gels, MALDI-QqTOF MS, Tandem MS94Cronshaw et al. ([@CR13])NE*Saccharomyces cerevisiae*YeastPurified nuclear pore complexHPLC, 1D gels, MALDI-TOF MS, Tandem MS174Rout et al. ([@CR73])ER^a^LiverRat^b^Membrane proteins1D and 2D gels, MALDI-TOF MS68 (1D)\
39 (2D)Galeva and Altermann ([@CR25])ER^a^LiverHamster^c^Tenfold enrichment^j^ (calnexin marker, IB)2D gels, MALDI-Q-TOF MS39Morand et al. ([@CR56])ER^d^LiverMousePCP-fraction co-sedimenting with calnexinLC, linear ion-trap Fourier transform MS, Tandem MS229Foster et al. ([@CR21])RER*Saccharomyces cerevisiae*YeastPurified ribosomesMultidimensional LC, LCQ ion-trap MS, Tandem MS95Link et al. ([@CR50])RERLiverMouse75% RM^e^, luminal proteins2D gels, MALDI-TOF MS, Tandem MS141Knoblach et al. ([@CR40])RERPancreasDogRibosome-associated membrane proteinBlue Native gels, LCQ ion- trap MS, Tandem MS30Shibatani et al. ([@CR82])RERLiverRat4.0-fold enrichment^j^ (G6Pase enzyme assay) 77% RM^e,\ f^1D gels, LC, QTOF-2 MS, Tandem MS787Gilchrist et al. ([@CR27])SERLiverRat4.5-fold enrichment^j^ (G6Pase enzyme assay) 58% SM^e^, 39% RM^e,\ g^1D gels, LC, QTOF-2 MS, Tandem MS998Gilchrist et al. ([@CR27])ERGIC^h^HepG2 cells^i^Human110-fold enrichment^j^ (ERGIC-53 marker, IB)1D gels, LC, Tandem MS24Breuza et al. ([@CR11])ER-Golgi derived vesicles^d^LiverMousePCP-fraction co-sedimenting with p115LC, linear ion-trap Fourier transform MS, Tandem MS220Foster et al. ([@CR21])*BAC* 16-benzyldimethyl-*n*-hexadecyl ammonium chloride, *ERGIC* ER-golgi intermediate compartment, *G6Pase* glucose-6-phosphatase, *HPLC* high pressure liquid chromatography, *IB* immuno-blot, *LC* liquid chromatography, *MALDI* matrix-assisted laser desorbtion ionization, *MM* microsomal membrane, *MS* mass spectrometry, *MudPIT* Multidimensional protein identification technology, *PCP* protein correlation profiling, *RM* rough microsomes, *SM* smooth microsomes, *TOF* time of flight^a^Total microsomes (containing both rough and smooth ER membrane derivatives)^b^Untreated and phenobarbital treated rats^c^Model of insulin resistance and metabolic dislipidemia fructose-fed animal^d^Fractions obtained by rate-zonal centrifugation of the postnuclear supernatant^e^Morphometric characterization by electron microscopy^f^Presence of ≥11 ribosomal particles/vesicle^g^Presence of 1--4 ribosomal particles/vesicle^h^Immuno-affinity purified ERGIC membranes^i^Cells were treated with brefeldinA to accumulate cycling proteins in the ERGIC^j^Enrichment over homogenate

Protein synthesis and secretion {#Sec2}
===============================

The ER is a key organelle of the secretion pathway involved in the synthesis of both proteins and lipids destined for multiple sites within and without the cell.

Ribosomal proteins {#Sec3}
------------------

Because ribosomes define the rough domain of the ER, studies of the proteins of purified ribosomes are relevant to the proteome of the rough ER. Link et al. ([@CR50]) reported on the proteome of ribosomes purified from *Saccharomyces cerevisiae*. Multidimensional chromatography and tandem MS were used to identify 70 of the 78 predicted ribosomal proteins in yeast. The YMR116p protein (homologue of human RACK1 an intracellular receptor for activated protein kinase C) was found to be associated with the 40S ribosomal subunit implicating this protein in translation in PKC-mediated signal transduction. RACK1 is now known to be a bona fide ribosomal protein and to play an important role in regulating eukaryotic translation (Nilsson et al. [@CR61]). Of the proteomics studies carried out so far on mammalian liver ER subcompartments, Gilchrist et al. ([@CR27]) have identified most of the ribosomal proteins in purified rough microsomes from rat liver including 33 proteins of the 40S ribosomal subunit and 45 proteins of the 60S ribosomal subunit. This number is close to the 84 proteins isolated from rat ribosomal particles (Wool et al. [@CR93]). The study by Gilchrist et al. ([@CR27]) revealed that the concentration of ribosomal proteins was greatest in high-density rough microsomes (HDM) when compared with the ribosomal protein concentration in a smooth microsomal fraction containing low-density rough microsomes (LDM). This is consistent with previous morphometric studies showing more ribosomal particles associated with more vesicles in the HDM fraction compared to that in the LDM fraction from normal rat liver (Gilchrist et al. [@CR27]; Lavoie et al. [@CR45]). Foster et al. ([@CR21]) identified a comparable number of ribosomal proteins in ER fractions enriched with the marker proteins calnexin and p115.

Proteins involved in RNA metabolism {#Sec4}
-----------------------------------

Rough microsomal derivatives of the ER are expected to contain a variety of proteins involved in RNA metabolism because they contain and translate associated messenger RNA (Lerner and Nicchitta [@CR48]). A variety of proteins known to be involved in the metabolism of mRNA and in translation of mRNA have been detected in ER membrane derivatives by mass spectrometry (Foster et al. [@CR21]; Gilchrist et al. [@CR27]). These include heterogeneous nuclear ribonucleoproteins (hnRNPs, hnRNP A1, hnRNP A2/B1, hnRNP D, and hnRNP K), Poly(A)-binding protein 1 and many proteins that are involved in translation (eEF-1A, eEF-2, several subunits of eIF-3, and eIF-5A). Heterogeneous nuclear ribonucleoproteins are involved in mRNA metabolism both inside the nucleus and in the cytoplasm. In the cytoplasm hnRNPs are known to regulate mRNA localization, mRNA translation, and mRNA turnover (Dreyfuss et al. [@CR15]; Shyu and Wilkinson [@CR83]). Since hnRNP family proteins are known to accompany RNA from the gene through nuclear pores and into polysomes (Visa et al. [@CR88]) the hnRNP family proteins detected in ER maybe associated with membrane-bound polysomes and modulate translation of specific proteins relevant to protein synthesis.

Proteins mediating targeting, co-translational translocation, and processing of nascent polypeptide chains {#Sec5}
----------------------------------------------------------------------------------------------------------

Secretory and transmembrane proteins are synthesized on polysomes that are attached to the rough domain of the ER (Palade [@CR64]). Ribosomes are bound to the ER membrane and are associated with a molecular complex involved in protein translocation (Gilmore [@CR28]; Rapoport et al. [@CR68]). Sec61p made up of the three subunits alpha, beta, and gamma comprises the main protein-conducting channel, whereas signal-recognition particle receptor, signal peptidase, oligosaccharyltransferase, TRAM, TRAP, p180, p34, Sec63, and BIP comprise associated protein complexes that assist in the signal sequence-mediated targeting, co-translational translocation, and processing of nascent polypeptide chains (Johnson and van Waes [@CR36]; Nilsson et al. [@CR60]; Osborne et al. [@CR62]). As would be expected because of the continuity between rough and smooth ER membrane compartments and because of the capacity of translocon components to diffuse laterally along the ER membrane (Nikonov et al. [@CR59]) translocon components were detected in microsomal-derivatives of both rough and smooth ER (Gilchrist et al. [@CR27]). However, despite such membrane continuity polysomes are retained concentrated in the rough domain of the ER. Cytoskeletal elements (i.e., microtubules) known to interact with specific receptors of the ER (i.e., CLIMP-63) might play a role in mechanisms that restrict the lateral mobility of membrane-bound polysomes (Farah et al. [@CR19]; Vedrenne et al. [@CR87]; Nikonov et al. [@CR58]).

Proteins involved in glycosylation and the calnexin cycle {#Sec6}
---------------------------------------------------------

During the process of protein translocation, the asparagine residues in Asn-x-Ser/Thr motifs on the nascent polypeptide chain are glycosylated in the lumen of the ER by a multisubunit membrane protein complex called oligosaccharyltransferase (OST). Although several subunits (mainly the ribophorins I and II) of OST have previously been identified in proteomics studies of ER subfractions the most complete analysis of these was reported by Shibatani et al. ([@CR82]) who carried out proteomics analysis of isolated ribosome-associated membrane protein from canine rough microsomes. These investigators identified five known subunits of OST (STT3-A, ribophorin I, ribophorin II, OST48, and DAD1) and two previously uncharacterized proteins that co-purified with these subunits DC2 and KCP2. Oligosaccharyltransferase transfers preassembled glucose3-mannose9-*N*-acetylglucosamine2 core oligosaccharides from the ER membrane lipid donor dolichol pyrophosphate to nascent polypeptide chains. Glycosylation facilitates protein folding by increasing the solubility of yet-unstructured nascent chains and allows nascent chains to enter the folding sensor system by recruiting the lectin chaperones calnexin and calreticulin (Ellgaard et al. [@CR16]). Access to the calnexin/calreticulin system requires modification of the *N*-glycans by the enzymes glucosidase I (GI), glucosidase II (GII), UDPglucose: glycoprotein glucosyltransferase (UGT1), ER-mannosidase 1 and EDEMs (ER degradation enhancing-mannosidase-like protein) (reviewed by Ruddock and Molinari [@CR75]). Polypeptide released from this sensor system fulfils quality control requirements and can exit ER and transport to their final destination. However, misfolded polypeptides are retrotranslocated into the cytosol and degraded (described in "[Ubiquitin metabolizing enzymes](#Sec13){ref-type="sec"}"). A number of enzymes involved in *N*-glycan modification have been reported in association with ER subfractions including GI (Gilchrist et al. [@CR27]), GII (Knoblach et al. [@CR40]; Foster et al. [@CR21]; Gilchrist et al. [@CR27]) and UGT1 (Gilchrist et al. [@CR27]) following analysis by mass spectrometry. In addition to the expected detection in the rough microsomes (Knoblach et al. [@CR40]; Gilchrist et al. [@CR27]), these enzymes have also been detected in smooth microsomes (Gilchrist et al. [@CR27]). This is consistent with the localization of GII and UGT in smooth ER and also ERGIC by immuno-electron microscopy (reviewed by Roth et al. [@CR72]). These data are also consistent with the detection of chaperones calnexin and calreticulin, in rough and smooth microsomes from rat liver (Gilchrist et al. [@CR27]) as well as the presence the ERAD machinery in smooth microsomes (Gilchrist et al. [@CR27]). Thus, glycoprotein quality control not only takes place in the rER but also may occur to a significant extent in the sER.

Biosynthetic cargo {#Sec7}
------------------

Many hepatic secretory proteins were detected by proteomics analyses within ER fractions from normal liver. These include albumin, serotransferrin, apolipoproteins A, B, and E, Complement C3, alpha-2u-globulin, and transthyretin (Foster et al. [@CR21]; Galeva and Altermann [@CR25]; Gilchrist et al. [@CR27]; Knoblach et al. [@CR40]). The association of these proteins with the endoplasmic reticulum is assumed to be biogenetic. The proteins are thought to be in the lumen of the ER en route for secretion via the early secretion apparatus. Consistent with this suggestion quantitative proteomics revealed two to fivefold higher concentrations of these proteins in a Golgi fraction when compared with that in rough and smooth ER fractions from the same tissue (Gilchrist et al. [@CR27]). Although transmembrane proteins destined for transport out of the ER to the Golgi Apparatus and to the plasma membrane are expected to be part of the biosynthetic cargo of the ER such proteins maybe either too low in abundance for detection by mass spectrometry or they could be considered as membrane contaminants of the ER preparations. Confirmation of the latter suggestion would require double labeling for specific membrane markers using imunocytochemistry of the subcellular fractions used for proteomics analysis.

Proteins involved in cargo exit and membrane traffic {#Sec8}
----------------------------------------------------

Interactions between membrane derivatives of the ER and the Golgi Apparatus are well known and this includes formation of ER exit sites to permit transport of newly synthesized protein out of the ER towards the Golgi (Palade [@CR64]) and the formation of the ER-Golgi intermediate compartment to permit membrane recycling between the ER and the Golgi (Lee et al. [@CR47]). Proteomics studies of different fractions of the ER have detected a number of proteins involved in membrane traffic. Coat proteins of the COPI and COPII protein complexes were detected in smooth microsomes (Gilchrist et al. [@CR27]) and in ER/Golgi/vesicles (Foster et al. [@CR21]). The smooth microsomes used in the studies of Gilchrist et al. ([@CR27]) are considered derivatives of the tER based on previous molecular, histochemical and morphological characterizations (Lavoie et al. [@CR45], [@CR46]; Roy et al. [@CR74]). As would be expected for proteins that recycle between the ER and the cis Golgi P24 family members (p24A, gp25L2, and TMP21) ERGIC-53, Rab1a, Sec22b, and the KDEL receptor were detected in smooth microsomes (Gilchrist et al. [@CR27]) in ERGIC (Breuza et al. [@CR11]) and in ER/Golgi-derived vesicles marked by the cis Golgi marker p115 (Foster et al. [@CR21]). The tER plays a key role in the formation of cargo exit sites and since the extent and amount of cargo exit sites may vary between different cell types (Fan et al. [@CR18]; Bannykh et al. [@CR3]) the relative content of cargo and membrane traffic proteins is expected to vary in proteomics studies using membrane-derivatives of the tER from different cell types.

ER chaperones {#Sec9}
=============

The ER functions to both co- and post-translationally modify newly synthesized proteins and lipids and sort them for housekeeping within the ER and for transport to their sites of function away from the ER (Palade [@CR64]). A variety of proteins both membrane-bound and luminal are involved in the control of maturation of nascent proteins and lipids and include proteins involved in folding, in the regulation of calcium homeostasis, in oligomerization, and glycosylation (Hebert and Molinari [@CR32]). Many such proteins have been detected by proteomics analysis of fractions representing different domains of the ER. Knoblach et al. ([@CR40]) have concentrated their efforts on the analysis of luminal proteins in purified rough microsomes from mouse liver and have detected BiP, GRP94, lectin-like chaperones (calnexin, calreticulin), peptidylprolyl isomerases, thiol disulphide oxidoreductases (PDI, P5 (CaBP1), ERp72, ERp57, ERp44, ERp29, and ERp46). Quantitative proteomics revealed these same chaperones to be in similar concentrations in rough and smooth microsomes from rat liver (Gilchrist et al. [@CR27]). Detergent extraction of the rough and smooth microsomes after salt wash revealed the presence of the ER chaperones in the aqueous phase of the detergent extracts, thus confirming the luminal localization for all these proteins (Gilchrist et al. [@CR27]).

The subunits of the chaperonin containing TCP-1 were detected associated with ER subcellular fractions (Foster et al. [@CR21]; Gilchrist et al. [@CR27]). Although tubulin and actin are well-known substrates for chaperonin t-complex proteins, new substrates are being defined and include proteins involved in cell cycle events (Liu et al. [@CR52]). A role for chaperonin containing TCP-1 in protecting proteolytic intermediates in the MHC class I antigen-processing pathway has been described (Kunisawa and Shastri [@CR42]). Whether this chaperone complex participates in MHC class I antigen processing at the cytosolic surface of a specific ER subcompartment remains to be confirmed.

Calcium-handling proteins {#Sec10}
=========================

The ER plays an important role in Ca^2+^-homeostasis. This organelle has been described as a heterogeneous compartment with respect to the distribution of its Ca^2+^-handling proteins including the Ca^2+^-binding proteins, the Ca^2+^-pumps, and the Ca^2+^-release channels (Papp et al. [@CR66]). Whereas the quantitative proteomics analysis of Gilchrist et al. ([@CR27]) revealed the Ca^2+^-pump SERCA2 and the Ca^2+^-release channel inositol 1,4,5-trisphosphate (InsP~3~) receptor to be enriched in smooth microsomes most Ca^2+^-binding proteins including calreticulin, glucose-regulated protein 78 and 94 (Grp78/BiP and Grp94), and protein disulfide isomerase, were similarly distributed between rough and smooth microsomes. Electron energy loss imaging analysis confirmed the heterogeneity of calcium distribution in ER of PC12 cells but was unable to distinguish distributions with respect to rough and smooth ER domains (Pezzati et al. [@CR67]). The relative capacity for calcium storage and release of the rough and the smooth domains of the ER may vary between different cell types and the volume of these two subcompartments may influence this capacity.

Enzymes of lipid and glucose metabolism {#Sec11}
=======================================

The endoplasmic reticulum plays an important role in lipid biosynthesis and in glucose metabolism. Because of the large amount of sER in steroid-producing cells, lipid biosynthesis has often been attributed to the smooth domain of the ER. Indeed enzymes involved in lipid biosynthesis have been localized to the sER in such cells (Frederiks et al. [@CR22]). However, smooth microsomes purified from the steroid-producing adrenocortical cells revealed not only enzymes involved in lipid synthesis but surprising high levels of translocation apparatus, and oligosaccharyltransferase complex proteins (Black et al. [@CR9]). The implication of this finding is that lipogenic enzymes and other proteins involved in lipid metabolism should be easily recognized in both sER and rER domains. Lipogenic enzymes (ex. fatty acid synthase, acetyl-CoA carboxylase 1, and ATP citrate lyase) and lipid transfer proteins (ex. microsomal triacylglycerol transfer protein) indeed have been detected by proteomics analysis in both rough microsomal (Foster et al. [@CR21]; Gilchrist et al. [@CR27]; Knoblach et al. [@CR40]) and smooth microsomal (Gilchrist et al. [@CR27]) fractions. In terms of the distribution of proteins involved in lipid metabolism the data suggests a lack of distinction between sER and rER membrane domains. This suggestion is consistent with the previous morphological demonstration of lipid droplet formation in association with rER domains in situ (Robenek et al. [@CR70]) and the demonstration of the formation of lipid droplets using ribosome-depleted rough microsomes in a cell-free reconstitution system (Paiement et al. [@CR63]).

A number of proteins involved in the pentose-phosphate pathway (PPP) have been reported in association with ER subfractions including transketolase (Foster et al. [@CR21]; Gilchrist et al. [@CR27]), glucose-6-phosphate dehydrogenase (G6PD) (Gilchrist et al. [@CR27]) and transaldolase (Gilchrist et al. [@CR27]) following analysis by mass spectrometry. The detection of the transketolase and G6PD in the ER by mass spectrometry is consistent with previous electron microscope cytochemical studies showing these proteins in association with the ER in situ (Boren et al. [@CR10]; Frederiks and Vreeling-Sindelarova [@CR23]). Thus PPP enzymes may play a role in glucose metabolism at the level of the ER in specific cell types.

Proteins of detoxification and drug protein targets of the ER {#Sec12}
=============================================================

The xenobiotic metabolism pathway of the ER includes functioning cytochrome p450 family (CYPs) proteins, UDP- glucuronosyltransferases, and carboxylesterases. Extensive biochemical and cytochemical data exist showing enrichment of such proteins in ER (reviewed in Seliskar and Rozman [@CR79]) but little data differentiates between the rER and sER subcompartments. In the quantitative proteomics study of Gilchrist et al. ([@CR27]) over 30 different cytochrome P450s were detected as well as nine carboxylesterases and over 10 different glucuronosyltransferases and most of these proteins were in similar concentrations in rough and smooth microsomes. Continuity between the rough and smooth ER domains may endow specific ER proteins with the capacity to diffuse freely along the membranes (Nikonov et al. [@CR59]) and within the lumen (Snapp et al. [@CR84]), thus explaining equal distribution of enzymes involved in xenobiotic metabolism in rER and sER domains.

Endoplasmic reticulum proteins of detoxification and drug protein targets are now being examined quantitatively by proteomics in diseased states and under controlled drug treatments. Proteomics studies of liver microsomes under controlled drug treatments have revealed differential expression of specific ER proteins. Cytochromes P450 2B1, and 2B2, protein disulfide isomerase A3 and A6, and 78-kDa glucose-regulated protein were differentially expressed following phenobarbitol treatment (Galeva and Altermann [@CR25]). p450 family proteins CYP1A2, −2A4/5, −2B10, −2B20, −2C29, −2C37, −2C38, −3A11, and −39A1 were up-regulated, and CYP2C40, −2E1, −3A41, and −27A1 were down-regulated by treatment with 1,4-bis-2-(3,5-dichloropyridyloxybenzene) (Lane et al. [@CR43]).

Ubiquitin metabolizing enzymes {#Sec13}
==============================

Endoplasmic reticulum-associated degradation (ERAD) is a regulated process whereby misfolded and unassembled proteins are recognized and retained in the ER by the quality-control apparatus and subsequently extracted, polyubiquitinated, and finally degraded in the cytoplasm by the multi-subunit 26S proteasome complex (reviewed by Meusser et al. [@CR55] and Romisch [@CR71]). Ubiquitin and ubiquitin-activating enzymes were shown by electron microscope immuno-gold labeling to be associated with the post-ER/pre-Golgi network consisting of anastomosing tubulated and fenestrated membranes (Raposo et al. [@CR69]). More recently misfolded protein was detected in an ER subdomain and in enlarged pre-Golgi intermediates by electron microscope immuno-gold labeling (Zuber et al. [@CR97]). The quantitative proteomics analysis of Gilchrist et al. ([@CR27]) revealed proteasome subunits as well as ubiquitin metabolizing enzymes only in smooth microsomes. This data is consistent with a previous report showing that proteasomes were associated with the smooth endoplasmic reticulum and that they were practically absent from the rough endoplasmic reticulum (Palmer et al. [@CR65]). Smooth microsomes used in the study of Gilchrist et al. ([@CR27]) may correspond to the compartment identified and described by Raposo et al. ([@CR69]) and Zuber et al. ([@CR97]). The smooth ER could be an important subcellular site for proteasome-dependent degradation of misfolded protein?

Proteins involved in antigen processing {#Sec14}
=======================================

Major histocompatibility complex (MHC) class I molecules present short, perfectly cleaved peptides on the cell surface for immune surveillance by T lymphocytes (Hammer et al. [@CR30]). The intracellular processes that take part in creating the antigen-presenting machinery of the plasma membrane occur at the level of the ER and involve protein degradation, membrane translocation, and protein folding (reviewed by Elliott [@CR17] and Hammer et al. [@CR30]). Protein degradation is carried out on the cytosolic side of the ER by the proteasome and the enzyme tripeptidyl peptidase II. The group II chaperonin TRiC (TCP-1 ring complex) is thought to chaperone the peptide between proteases and TAP the peptide transporter of the ER. TAP is composed of two transmembrane proteins, TAP1 and TAP2, and participates in the translocation of peptide to the lumen of the ER in an ATP-dependent step. On the luminal side of the ER the peptide is further processed by ERAAP, the ER aminopeptidase associated with antigen processing. The multicomponent MHC class I peptide-loading complex (PLC) includes MHC class I molecules, beta 2 microglobulin, the chaperone calreticulin, the oxidoreductases ERp57, and protein disulfide isomerase, the class I-specific accessory molecule tapasin and the peptide transporter TAP. This complex ensures the establishment of proper conformation of MHC class I molecules for peptide loading in the ER. A number of the components of the PLC have been reported in proteomics studies of ER fractions (Foster et al. [@CR21]; Gilchrist et al. [@CR27]). The study of Gilchrist et al. ([@CR27]) revealed higher amounts of beta 2 microglobulin, tapasin, and ERAAP in smooth microsomes compared to rough microsomes. Electron microscope immuno-gold labeling has previously revealed Class I molecules and beta 2 microglobulin in association with the post-ER/pre-Golgi network consisting of anastomosing tubulated and fenestrated membranes (Raposo et al. [@CR69]). Whether the transitional zone of the ER, which contains the smooth ER is a major site for antigen processing and peptide loading onto the PLC remains to be confirmed.

Endoplasmic reticulum proteins were previously detected in purified phagosomes using proteomics analysis (Garin et al. [@CR26]). This observation prompted consideration that the ER maybe involved in phagocytosis and indeed electron microscope cytochemical, electron microscope immuno-gold labeling, and biochemical data were obtained to testify to this possibility (Gagnon et al. [@CR24]). Endoplasmic reticulum involvement in phagocytosis has been confirmed independently by other laboratories (Ackerman et al. [@CR1]; Becker et al. [@CR5]) and the findings have led to additional proteomics studies and the important conclusions explaining antigen cross-presentation (Guermonprez et al. [@CR29]; Houde et al. [@CR35]). Therefore even though organelle proteomics studies may often suggest the presence of organelle contaminants using intuitive reasoning and corollary experiments as was done by Michel Desjardins and colleagues, in the case of ER proteins associated with phagosomes such studies may also provide information leading to new paradigms.

Cytoskeletal proteins {#Sec15}
=====================

The ER interacts with the cytoskeleton to maintain its position within sedentary cells and to establish new intracellular positions in motile cells. The ER contains a receptor for specific interaction with microtubules (Farah et al. [@CR19]; Klopfenstein et al. [@CR39]) and can move along both microtubules and actin cables (Allan and Vale [@CR2]; Kachar and Reese [@CR37]; Terasaki and Reese [@CR86]). Based on these reports one might expect proteomics studies of the ER to reveal the presence of associated cytoskeletal proteins. Indeed, protein components of microtubules but not of microfilaments have previously been detected in association with ER subfractions from mammalian liver (Foster et al. [@CR21]; Gilchrist et al. [@CR27]). In addition a number of molecular motors including protein members of the myosin, kinesin, and dynein protein families have been detected in association with these same membrane fractions. Subcellular membrane movements are directed by molecular motors including myosin, dynein, and kinesin family molecular motors (Mallik and Gross [@CR53]). Other cytoskeletal proteins, which have previously been detected in ER fractions include filamin A and B, the actin-binding proteins profilin 1, and transgelin 2.

Filamin A and B were detected in smooth ER fractions (Gilchrist et al. [@CR27]). Filamin A has been implicated in intracellular traffic of several cell-surface receptors and was observed to bind one of these at the level of the endoplasmic reticulum (Feng et al. [@CR20]; Liu et al. [@CR51]). Therefore filamin A may bind yet unidentified nascent receptors in the ER in hepatocytes and promote traffic of these molecules to the cell surface.

The actin-binding proteins profilin 1 and transgelin 2 were detected in the ER fractions. Higher amounts of these proteins were found in association with smooth microsomes compared with that in rough microsomes (Gilchrist et al. [@CR27]). Profilin 1 is able to bind membrane phosphoinositides and thus affect cell signaling and has been implicated in membrane traffic (Witke [@CR92]), thus it maybe involved in ER membrane traffic in hepatocytes. Transgelin 2 mRNA was reported overexpressed in hepatocellular carcinoma and this protein has been proposed as a potential diagnostic marker for this disease (Shi et al. [@CR80]). The role of transgelin 2 at the level of the ER remains to be determined.

Cytoskeleton-associated protein 4/CLIMP-63 was reported predominantly in rough microsomes of rat liver by the studies of Gilchrist et al. [@CR27]. CLIMP-63 serves as a specific ER- microtubule receptor (Klopfenstein et al. [@CR39]) and was shown to link the ER to microtubules via the neuronal microtubule-associated protein 2 (MAP-2) in the dendritic compartment of neurons (Farah et al. [@CR19]). Interestingly, the non-neuronal microtubule-associated protein 4 (MAP-4), which has an identical microtubule-binding domain to MAP-2 was also detected in association with rough microsomes (Gilchrist et al. [@CR27]). Whether MAP-4 and CLIMP-63 make a link between the rER and microtubules thus immobilizing rER structure in hepatocytes remains to be confirmed.

Reticulons constitute a family of proteins implicated in the tubular structure of the smooth ER (Voeltz et al. [@CR89]). Reticulon 3 was detected by mass spectrometry in smooth microsomes of rat liver by Gilchrist et al. ([@CR27]) and over-expression of this protein in Hela cells revealed production of fluorescent tubules, which co-distributed along microtubules as revealed by double-labeling immunofluorescence (Wakana et al. [@CR90]). As proposed by Shibata et al. ([@CR81]) reticulons promote long unbranched ER tubules. Endoplasmic reticulum tubules have previously been shown to be highly dynamic structures capable of moving along tracks of microtubules (Waterman-Storer and Salmon [@CR91]). Perhaps the tubular structure of the ER favors ER/motor/microtubule interaction? However if reticulons promote long unbranched ER tubules, how do they affect tritubular jonctions as observed in the large inter-connecting networks of tubules in sER in steroid cells or in hepatocytes?

Proteins involved in signaling {#Sec16}
==============================

The ER is involved in many signaling pathways including the unfolded protein response (UPR) (Bernales et al. [@CR7]), apoptosis (Chae et al. [@CR12]; Nakajima et al. [@CR57]), ubiquitination and proteasome degradation (Kostova and Wolf [@CR41]) and some of the involved signaling molecules have been shown to associate in a transient manner with ER membranes. This includes Ras protein, which is involved in cell signaling (Sobering et al. [@CR85]), the AAA ATPase p97, which is involved in ER assembly (Lavoie et al. [@CR44]) and in proteasome degradation (Ye et al. [@CR94]) and BAX, which is involved in apoptosis (Zong et al. [@CR96]). Excluding proteins involved in ubiquitination and proteasome degradation (see above), few signaling proteins have yet to be detected in proteomics studies of ER fractions. This is true for a number of regulatory proteins such as SREBP-1, which regulates lipogenic enzymes (Bengoechea-Alonso and Ericsson [@CR6]), Ire-1 which regulates the UPR (Bernales et al. [@CR7]) and Bax, which is involved in apoptosis (Hetz et al. [@CR33]). These signaling proteins probably represent low abundance proteins of the ER and require up-regulation following physiological activation to be detected by existing mass spectrometry techniques.

Under conditions of accumulation of misfolded and unassembled proteins, the UPR acts to modify the ER by up-regulating chaperones so as to increase its folding capacity. Morand et al. ([@CR56]) used quantitative proteomics analysis and revealed a number of chaperones (GRP94 and PDI) to be up-regulated in ER microsomes from the liver of a fructose-fed, insulin-resistant hamster model and up-regulation was attributed to ER stress. Ras protein and p97 have been reported in association with ER fractions (Gilchrist et al. [@CR27]; Galeva and Altermann [@CR25]). Association of Ras with the ER is consistent with previous reports of the association of Ras with membranes of the secretory pathway including ER (Zheng et al. [@CR95]). Association of p97 with ER is consistent with its role in ER assembly (Lavoie et al. [@CR44]) and proteasome degradation (Ye et al. [@CR94]).

Phosphoproteins associated with the ER {#Sec17}
======================================

The ER is a membrane-bound compartment that functions by interacting with cytoplasmic and luminal-soluble proteins. Among the soluble proteins that interact with the ER membrane in a transient manner are signaling proteins. Reversible phosphorylation has been shown to control protein interaction at the ER of several signaling proteins including valosin-containing protein/p97 (Lavoie et al. [@CR44]) BCL-2 (Lin et al. [@CR49]) and Ire1 (Bernales et al. [@CR7]). In addition, reversible phosphorylation has been shown to play a role in the control of ER structure. For example, phosphorylation of CLIMP-63 was shown to affect ER structure during interphase (Vedrenne et al. [@CR87]) and phosphorylation of p47, a cofactor of p97, was shown to control ER structure at mitosis (Kano et al. [@CR38]). Since the ER controls key metabolic events including events crucial to cell survival, it is expected that new phosphoproteins are yet to be identified, especially in relations to control of cell cycle events.

A number of proteins have been detected in ER fractions, which have previously been shown to be phosphoproteins. Phosphoproteins were identified in transformed cells by analysis of tyrosine-phosphorylated peptides immunoprecipitated using anti-phosphotyrosine antibodies (Rush et al. [@CR76]). A significant number of these previously identified tyrosine-phosphorylated proteins have in fact been detected in association with ER membranes by proteomics analysis (Foster et al. [@CR21]; Gilchrist et al. [@CR27]). Many of these proteins are not conventional ER proteins but rather are better known as cytosolic proteins; these include proteins involved in mRNA metabolism (PABP1, YB-1, ELAV-like 1, eEF-1-alpha), proteins involved in phospholipid binding (annexin I, annexin II), and proteins involved in de novo lipid synthesis (ATP citrate lyase). Some of these proteins are substrates of key signaling pathways including the Akt-signaling pathway (ex. ATP citrate lyase, Berwick et al. [@CR8]) and some have been shown to have a phosphorylation status which has been associated with subcellular trafficking (Hibino et al. [@CR34]). Thus proteins previously defined as tyrosine-phosphorylated proteins were observed in ER membranes by proteomics analysis and these may undergo cycles of tyrosine phosphorylation and dephosphorylation promoting specific ER-related functions in cells, which are yet to be better defined.

Serine/threonine protein phosphorylation can also modify subcellular protein localization. Phosphorylation of the disc's large tumor suppressor protein controls its membrane localization (Massimi et al. [@CR54]). CLIMP-63 is serine phosphorylated during mitosis and regulates ER-microtubule binding (Vedrenne et al. [@CR87]).

Conclusions and future perspectives {#Sec18}
===================================

From available proteomics data parts of which are supported by electron microscope protein localization studies some tentative conclusions can be drawn about the relative segregation of proteins and molecular machines in the subcompartments of the ER. CLIMP-63 and ribosomes are enriched in rER. Reticulon, enzymes involved in ubiquitination, the proteasome, some cytoskeletal proteins, proteins involved in antigen processing, and coat proteins are enriched in sER. In contrast, proteins that appear equally distributed between rER and sER include proteins of the translocon, biosynthetic cargo, chaperones, proteins of detoxification, and proteins involved in lipid and glucose metabolism.

Because proteomics of ER subcompartments is carried out using subcellular fractions, there are limitations that have to be considered when trying to interpret the results of the protein analysis. For example, the relative purity of the fractions will vary and proteins of fragments of contaminating organelles will be present in the fraction and be identified in the analysis. Moreover molecular dynamics at the cytosolic and luminal surfaces of the ER have to be taken into consideration. The composition of the ER is subject to change based on molecular interactions occurring on both cytosolic and luminal sides of the ER membrane. On the cytosolic side of the ER interaction with the cytoskeleton (to change the location, shape or size of the ER) or interaction with signaling proteins (to activate specific signaling pathways, e.g., apoptosis) leads to transient associations between the ER and cytosolic proteins. On the luminal side of the ER interactions between newly synthesized proteins and chaperones can vary under specific conditions (for example during ER stress) and will affect the overall molecular composition. Up-regulation of proteins involved in detoxification may occur under exposure to toxic chemicals and affect ER composition. Thus depending on the cell physiology protein associations with the ER may vary. Dynamics of protein interactions in organelles are often controlled by posttranslational modifications including phosphorylation. Understanding such modifications is key to understanding site-specific protein function.

Proteomics studies of the subcompartments of the ER have lead to insights into the function of the different compartments of this organelle and new paradigms. However data obtained using proteomics analysis should be complimented by cytological techniques to confirm the localization of the proteins in the ER subcompartments and molecular biology should be used to modulate protein expression to examine the function. The combination of these approaches not only will yield new information about the proteins but they will also expand knowledge on the protein families to which they belong and/or protein complexes of which they are part of.
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